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ABSTRACT:
The use of mustard seed meal (MSM) as a biofumigant in managing weeds in agricultural settings has been well
documented. Previous work with MSM has shown that soils with a higher sand content were better at weed suppression than soils
with lower amounts of sand. It was hypothesized that the elevated sand content created more air space for volatile inhibitory
compounds to diffuse and inhibit seed germination and growth. Although initial results from bioassays systematically testing the
comparison of 5 differing levels of sand showed support for this hypothesis, further testing with micron-sized glass beads showed that
loss of airspace did not reduce the effectiveness of MSM in suppressing velvetleaf.

INTRODUCTION:

With a growing need for the production of crops used for human consumption comes a larger demand for the control of

weeds. More than a 100 million pounds of the widely used herbicide Roundup is applied on farms and lawns in the United States
annually. The application of Roundup has been accepted as Monsanto and the EPA have reviewed the chemicals used and declared
them to be of low toxicity when used in recommended doses (Williams et al. 2000). These claims of low toxicity have been based
mainly on glyphosate, the active ingredient in Roundup.
However, recent studies have shown that glyphosate alone is not effective as an herbicide. Only when glyphosate is
combined with “inert ingredients” does its effect become lethal to both plant and animal cells (Mesnage et al., 2014). Because inert
ingredients, by definition, should not cause active biological harm by themselves, they are therefore largely ignored by the research
community as related to herbicides. However, inert ingredients may not be “inert” after all, if combining them with ineffective
glyphosate creates a biologically lethal chemical. For example, one inert ingredient is polyethoxylated tallow amine (POEA). POEA is
derived from animal fat and mostly understood as harmless, as its only effect is to make the membrane of cells more permeable.
However, when combined with glyphosate, a synergistic effect is observed, where the resulting herbicide becomes more harmful to
cultured human cells than glyphosate is alone (Mesnage et al., 2014). The compounded toxicity of glyphosate when added with
chemicals such as POEA should cause concern for human health, due to both airborne contamination during application and due to
residual traces of Roundup found on produce. When combining this risk with the fact that Roundup is one herbicide in a plethora of
options available to farmers, it’s easy to see the value of healthier and safer weed control agents.
When seeking for an organic weed control method, glucosinolate compounds are a commonly investigated option. Studies
have indicated that the glucosinolate compounds present in mustard seed meal are useful as a biofumigant to suppress weed growth
(Szczyglowska 2011). Biofumigants use airspace within the soil to allow volatile compounds to diffuse through the soil matrix. The
movement of these compounds allows them to interact with substances in the soil. In the case of biofumigation as an herbicidal
method, the volatiles spreading through the soil interact with weed seeds and roots as they develop.
In the case of mustard seed meal, glucosinolate compounds are hydrolyzed by the enzyme myrosinase into a variety of
active biological compounds. One class of these biological compounds are isothiocyanates (ITCs), which function by interacting with
biological organisms in a nonspecific and irreversible way: they break the disulfide bonds that are important in protein structure and
folding (Szczyglowska et al. 2011). However, ITCs do not have a long half-life in soil; they degrade into neutral compounds that wash
out of the soil, making this option much safer than Roundup chemicals, which leave non-degrading residues on produce (Gimsing &
Kirkegaard 2009). However, certain ITCs are more herbicidal than others. For example, a study conducted by Handiseni et al. (2011)
on Brassica juncea found that allyl isothiocyanate (AITC) is the main contributor to the herbicidal effect of the Pacific Gold mustard
seed variety. Allyl isothiocyanate is one of several compounds produced when the glucosinolate compound sinigrin is degraded by
myrosinase (Fig 1.).

Figure 1. Degradation pathway of sinigrin into allyl isothiocyanate, showing chemical structures.

Curiously, the degradation of sinigrin to the herbicidal allyl isothiocyanate is easily regulated, because myrosinase only
degrades sinigrin after cell disruption in the presence of water. Isothiocyanate release after cell disruption using a freezing and thawing
method showed release efficiencies up to 26% (Morra and Kirkegaard 2002). Because sinigrin and myrosinase are both present in the
plant tissue of B. juncea and since both compounds remain stable in the absence of water, B. juncea can be stored as mustard seed meal
for long periods of time without activation of its herbicidal properties. Herbicidal activity is induced when the mustard seed meal is
ground, introduced into the soil and hydrated, thus providing a simple method for inducing the herbicidal effect (Brown and Morra
1995). Wang et al. (2015) tested sealed vs. unsealed containers, as well as various sources of isothiocyanates against weed emergence
percentage and index. Their results indicated that the Pacific Gold Brassica juncea variety was more effective in suppressing the weed
crabgrass when compared to other ITC sources, as well as a reducing weed emergence in sealed containers when compared with
unsealed containers, further demonstrating the effectiveness of biofumigation presumably via the accumulation of volatile AITC in
the sealed system.
Maximizing the effect of biofumigation involves maximizing the airspace in the soil, allowing compounds to diffuse freely
from their source to their target. Airspace in soil is dictated largely by the size of the particles that make up the soil. The texture of soil
is a combination of three different components: sand, silt, and clay. A soil triangle created by the United States Department of
Agriculture illustrates the percentages of each component and how the soil is categorized accordingly (Fig. 2).

Figure 2. The soil triangle showing classifications of different types of soil based on their compositions. (Source: USDA)

Figure 3. Sand, Silt, and Clay as illustrated by appearance and size. (Source: USDA)
One of the main differences between sand, clay, and silt is the size of the particle. Sand is the largest type of soil particle,
with sizes between 0.05 mm to 2 mm in diameter. Silt is smaller, ranging from 0.05 mm to 0.002 mm, and clay is the smallest particle,
with diameters less than 0.002 mm. As the soil particles get smaller, they also pack together more tightly, in much the same way that
peas will leave less airspace in a jar when compared with walnuts (Fig. 3). Therefore, a soil with more silt and clay and less sand should
have less airspace in the soil matrix. Less airspace in the soil should reduce the effect of biofumigants; thus, soil composition should
play a direct role in how effective an herbicidal biofumigant is in weed suppression.
Little is known about the impact of soil composition on the effectiveness of mustard seed meal as a natural weed
suppressant. Therefore, since soil composition varies widely across farms in the United States, further testing is needed to explore the
effect that soil composition plays in the effectiveness of mustard seed meal as an herbicide. Price et al. (2005) compared the amount of
allyl isothiocyanate released from Brassica juncea tissues in sandy loam or clay loam soil. Their results showed that sandy loam soil
contained 38% more allyl isothiocyanate than clay loam soil, indicating that a higher sand content may increase the release of allyl
isothiocyanate and consequently, the effectiveness of Brassica juncea on weed supression. Another study conducted by Chirachevin &
Zdor (2017) compared two soil types for impact on the effectiveness of B. juncea mustard seed meal on suppression of the weed
velvetleaf. Missouri sandy loam containing 45.4% sand was more conducive for weed suppression by MSM as compared to Michigan
silt loam soil which contained 29% sand. Increasing the amount of sand in the Michigan silt loam soil also resulted in an increase in
the effectiveness of B. juncea meal as an herbicide. However, until now, no study has systematically evaluated the effect of changing
sand and silt/clay ratios on the effectiveness of mustard seed meal as an herbicide. Therefore, my research question asks: how does
the percentage of silt/clay in a sand mixture affect the effectiveness of mustard seed meal as a biofumigant to act as an organic
herbicide?

METHODOLOGY:

Fractionating the silt/clay component from farm soil.
Testing the effects of soil texture on the effectiveness of mustard seed meal as an organic herbicide required several steps. The

first step was to fractionate silt and clay from Michigan silt loam soil (collected at the Andrews University dairy fields). Based on a
study conducted by Blott and Pye (2012) which showed that soil particles sized 63 µm or less are classified as silt and clay particles, a
procedure for fractionating the soil can be utilized using sieves to discriminate between the sizes of the particles. The most difficult
obstacle to overcome in this process is breaking up soil clumps into the smallest possible fragments, which then allows fragments
sized 63 µm and smaller to filter through the 63 µm sized sieve. Previous methods have used sonication to break up a soil clumps in a
soil sample suspended in water. The soil water suspension is subsequently filtered through a 63 µm sized sieve to collect the
appropriate particles (Kenna 2005). The collected water/soil mixture is then subjected to a centrifugation process to collect the soil
pellet; the centrifuged pellet is dried and crushed to get the final soil product. This method is messy and takes a considerable amount
of time. A better method was needed to fractionate the soil without collecting it in a water suspension so as to reduce the amount of
time it takes to collect the silt/clay fraction of the soil.
A new method used was to dehydrate the soil at 35˚C for 48 hours with mixing every 12 hours. This allowed the soil to dry
out, minimizing adhesion between soil particles. The soil was sifted through a set of 5 sieves, ranging in size from 4.75 mm to 500 µm.
After filtering soil through the 500 µm sized sieve, a dry blender was used to further break up soil clumps. This soil was then sifted
through a sieve that is sized for 250 µm particles. Finally, the soil was sifted through the 63 µm sized sieve, collecting the resulting soil
fraction, which was solely silt and clay.
Systematically testing if a higher percentage of silt/clay component in a sand mixture reduces the effectiveness of
mustard seed meal in weed suppression.

Figure 4. Bioassay plate illustration, showing four plates for each sand mixture with two plates treated with mustard seed meal (yellow
plates) and two plates left untreated (gray plates). Vertical lines represent four rows of velvetleaf seeds with six seeds in each row.
In order to systematically test the effect that silt/clay have on the effectiveness of mustard seed meal as an herbicide, 5
different soil samples were tested with increasing silt/clay content. Each sample each contained a mixture of silt/clay and sand in
varying percentage differences, in this order:
1) 0% silt/clay, 100% sand
2) 25% silt/clay, 75% sand
3) 47% silt/clay, 53% sand
4) 60% silt/clay, 40% sand
5) 75% silt/clay, 25% sand.
Four bioassay plates were prepared for each mixture (Fig. 4) with 100 g of sand mixture in each 9 x 9 polystyrene plate. Two plates of
each mixture type each contained 1 g Pacific Gold (Brassica juncea) mustard seed meal that was ground with mortar and pestle and
sieved through a 1 mm sieve. Each plate was irrigated with 21 ml of sterile deionized water and allowed to sit for 30 minutes so that
the moisture could spread evenly through the plate.

Each plate was then planted with 24 velvetleaf seeds, in four rows of six seeds each (Fig. 4). The seeds were first disinfested
using the following procedure according to the procedure that Chirachevin & Zdor (2017). Seeds were placed in a tea holder and
immersed in 50 ml of 0.55% sodium hypochlorite, while agitating the holder for 3 minutes. The seeds were rinsed for 10 seconds in
50 ml sterile water1 with constant agitation. The seeds were then consequently soaked in 50 ml of 70% ethanol for two minutes. After
soaking in ethanol for two minutes, the seeds were rinsed ten times with 50 ml of sterile water, shaking the holder in the water for 10
seconds with each rinse. Finally, the seeds were soaked for 10 minutes in 50 ml of sterile water, heated to 65˚C in a water bath. After
planting each plate with 24 seeds, the plates were sealed with parafilm and placed in a 29˚C incubator for 48 hours.
After incubation the number of seeds that germinated for each plate was determined in order to calculate the percentage of
germination. In addition, the radicle lengths of each sprout were measured using a digital caliper and recorded. The entire experiment
was repeated 2-3 times. These data were graphed and statistically analyzed to determine if there was a statistically significant difference
among the radicle lengths of the plants grown in each sand mixture and whether there was a statistically significant difference in the
percent germination rates for the different MSM mixture conditions. A Kruskal-Wallis test was used to test whether there was
significant difference between the radicle lengths of the different sand mixtures and a Post Hoc test indicated where there is a
statistically significant difference among the radicle lengths from the sand mixtures using a significance level of p<0.05.
Determining whether the reduced effect is the result of loss of air space.
To test whether the reduced effectiveness of mustard seed meal is due to the mechanical effect of the loss of airspace and
not due to any chemical interaction/adsorption between the silt/clay and MSM volatiles such as AITC, the silt/clay component of the
soil was replaced with uncoated soda lime glass beads 35-45 µm in diameter (Cospheric Inc.). The silica that makes up the glass beads
is not expected to interact with AITC nor affect the seed’s ability to germinate or grow; and therefore, the effect of the glass beads
would be due to reduced airspace in the sand mixture. The exact same procedure detailed above was followed, only replacing the
silt/clay fraction of the soil with the glass beads.

RESULTS:
Fractionating Silt/Clay
The new methodology for fractionating the silt/clay component from regular farm soil proved to be successful, resulting in
roughly a 25% yield of silt/clay based on weight from the Michigan silt loam soil. This method did produce quantities of airborne dust
and required extensive sifting to produce the best results, but proved to be much cleaner and simpler for obtaining the silt/clay
fraction from the soil. It was very important that the soil was completely dry before attempting the process, but otherwise yielded
consistent results.
Silt/Clay Combination Trials
The methodology for testing the various sand mixtures was repeated for three different trials, resulting in 144 seeds planted
for each soil type and treatment except for the 60% silt/clay mixture which consisted of two trials resulting in 96 seeds for each
treatment. When testing the various mixtures the results among the different samples varied. The 100% sand showed germination and
growth in the assays without MSM, but assays treated with MSM failed to germinate. The 75% sand showed stunted germination in
assays with MSM, but showed nearly identical radicle growth in the assays that were treated with MSM. Assays with 60% sand had
similar germination percentages, but showed stunted radicle growth in the assays treated with MSM. Assays with 53% and 25% sand
showed both similar germination and radicle growth regardless of treatment with or without MSM (Figure 3).

1

Sterile water is ultra-purified water that has been autoclaved and unopened until use.

A Kruskal-Wallis test was used to test for significant difference among radicle lengths between treatments. Every mixture
and MSM treatment was tested against every other mixture and MSM treatment resulting in extensive pairwise comparisons based on
mixture type and treatment. When comparing radicle length among the treatments with MSM the 100% sand condition was
significantly different from every mixture except for 75% sand. Seedlings growing in 75% sand with MSM were significantly shorter
than plants in every sand condition with MSM except 100% sand and 60% sand. Comparing radicle lengths from 60% sand with
MSM showed significant difference between every mixture except 53% sand with MSM, 53% sand without MSM, 25% sand with
MSM, and 25% sand without MSM. Comparing radicle lengths from 53% sand with MSM showed no significant difference between
every mixture except 60% with MSM, 75% without MSM, 75% with MSM, 100% without MSM, and 100% with MSM. Comparing
radicle lengths from 25% sand with MSM showed significant difference between every mixture except 60% without MSM, 53% with
MSM, 53% without MSM, and 25% without MSM. Plates without MSM showed no significant difference except when comparing
100% sand and 75% sand with the other sand mixtures, which were significantly different from the conditions with less sand.
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Figure 1. Velvetleaf seed germination and growth in 100% (A) and 53% (B) sand-silt/clay mixtures in the presence (left) or absence
(right) of mustard seed meal. Scale bar = 3 cm.
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Figure 2. The effect of sand in silt/clay-sand mixtures on the inhibitory effect of MSM on velvetleaf seed germination and growth.
Each bar is the mean of plants from 3 independent trials. Yellow bars indicate mixtures that were treated with MSM. Percentages
indicated above the line show actual percent germination among sand mixtures and MSM treatments. Error bars indicate 1 standard
deviation. Numbers compare the same sand mixture in the presence or absence of MSM. Lowercase letters represent comparisons in
sand mixtures without MSM and uppercase letters represent comparisons in sand mixtures with MSM. Letters/numbers on the bars
represent significance relationships: treatments differing in letters/numbers significantly differ in radicle length.
Glass Microsphere Combination Trials
The exact same methodology was used for these trials, only replacing silt/clay with glass microspheres sized 35-45µm and
eliminating the 25% sand mixture. Two trials were conducted, resulting in 96 seeds planted for each soil type and treatment. The
amount of water used in each assay was reduced to 15 ml, as using 21 ml resulted in excess water in the plate. The 100% sand with
MSM showed no germination or growth, while the 100% sand without MSM showed radicle growth similar to the previous trials with
silt/clay. Percent germination for trials using glass microspheres showed overall lower percentages. All assays with MSM failed to
germinate completely. According to a Kruskal Wallis test, there was no significant difference in radicle length between the different
soil types without MSM except for the 60% sand soil type, which showed lower germination and radicle growth overall.
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Figure 3. Velvetleaf seed germination and growth in 100% (A) and 53% (B) sand-glass microsphere mixtures in the presence (left) or
absence (right) of mustard seed meal. Scale bar = 3 cm.
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Figure 4. The effect of sand in glass bead-sand mixtures on the inhibitory effect of MSM on velvetleaf seed germination and growth.
Each bar is the mean of plants from 2 independent trials. Percentages indicated above the line show actual percent germination
among sand mixtures and MSM treatments. Letters on the bars represent significance relationships: treatments with different letters
differ significantly in radicle length.

DISCUSSION:
Velvetleaf seeds failed to germinate in 100% sand containing MSM in plants. The inhibitory effect of B. juncea on weed seed
germination is attributed to the production of allyl-isothiocyanate (AITC) from plant tissue (Bending and Lincoln 1999). This current
study suggests that factors that reduce AITC activity in soil reduce MSM efficacy and help explain why a sandy loam soil is superior to
a silt loam soil in supporting MSM-based weed inhibition. This reduction could be explained by either: 1) reduced air spaces in soil
due to elevated levels of silt/clay particles thus limiting the diffusion of AITC through the soil matrix or 2) the physical binding of
AITC to silt/clay particles making the compound unavailable to impact seed germination and growth. Prior work has found higher
levels of AITC in a sandy soil incorporated with B. juncea tissue vs clay soil (Price et al. 2005). Elevated silt/clay levels decreased MSM
efficacy which is consistent with the reduction of air spaces in the soil minimizing the diffusion of volatile AITC (Kruskal-Wallis test,
p<0.05). Increases in silt/clay content led to increased seed germination and seedling growth suggesting that the silt/clay fraction of

soil contains plant nutrients. Because of their smaller particle size, silt and clay particles are known to hold more surface area than
sand and therefore work significantly better in holding and exchanging nutrients for plant use in growth (Crouse 2018). In assays
using silt/clay, there was no significant difference in weed inhibitory effect between the 53% sand and the 25% sand, possibly
indicating that a critical amount of silt/clay is needed for the inhibition of weed growth by MSM.
The use of glass beads as a source of inert particles for influencing air spaces in sand did not reduce the effectiveness of
MSM in inhibiting weed seed germination or growth, and all plates with MSM did not differ from each other in terms of seed
germination and growth (Kruskal-Wallis test, p>0.05). This is indicative that the silt/clay is exerting an effect that is not completely
accounted for by the airspace of the soil. It is possible that the microbial degradation of AITC is lower in a sandy soil vs. a silt loam
soil. Soil treatments that reduce soil microbial populations extend the half-life of AITC in soil (Hanschen et al. 2015). It is also
possible that silt/clay particles could be adsorbing AITC as opposed to reducing air spaces in the sand. Research using a bentonite
clay surface showed that bentonite clay adsorbed sulfur and nitrogen compounds with a capacity of 38.7 mg•g-1 and 54.5 mg•g-1
(Mambrini et al. 2013). Further investigation such as quantifying AITC levels in sand mixtures varying in clay content will help
elucidate the relative roles of soil microbes vs chemical adsorption in how silt/clay influences MSM efficacy.
When utilizing weed control strategies that utilize natural products like MSM it is clearly important to have a thorough
understanding of soil composition and soil texture effects. Understanding the role of soil texture and composition can make the
difference in successful weed control!
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